A kinetic model for root ion absorption named as the evapotranspiration-integrated model was newly proposed in order to analyze the characteristics of ion absorption by crop roots in soil-based culture. The validity of the evapotranspirationintegrated model for simulation of the day-to-day dynamics of soil salinization was examined based on experiments with a large-sized soil column system cropped with maize plants, where the salinized nutrient solution was supplied as found in crop fields under desertification. The simulated time courses of salt accumulations in plants and soil were expressed reliably based on the specificity of ion types in root absorption: Cl , Na , Mg 2 and Ca 2 more highly accumulated in the root zone soil than in plants because of the root low absorption of these ions. Accumulation of the major essential ion of K was extremely higher in plants than in the root zone soil because of the root high absorption of K . These results indicate that the evapotranspiration-integrated model is applicable for evaluating selective and active ion absorption by crop roots in the soil salinization process, which is considered to contribute to sustainable management of crop rotation systems.
INTRODUCTION
Soil salinization occurs in crop fields of arid and semiarid regions under desertification (Dregne, 2002) . Soil salinity reduces the crop's ion absorbing power, which quickly reduces growth rate (Munns, 2002) , and presents a serious problem for sustainable agriculture (Food and Agriculture Organization, 2002) . Generally, salts are introduced through poor irrigation water and accumulated in the root zone soil (Oster, 1994; Rengasamy, 2006) . This salt accumulation results from the following processes: 1) the transport of water and ions from groundwater to the root zone soil is mainly driven by crop transpiration (i.e., root water absorption), 2) these ions are selectively absorbed by crop roots, and 3) ions mainly responsible for soil salinization (such as Na and Cl ) accumulate in the root zone soil Yasutake et al., 2006; 2007; 2009a; Araki et al., 2011) . Therefore, it is important to understand active and selective ion absorption by crop roots in the soil salinization process.
Active and selective ion absorption by crop roots is regulated through ion-specific transport proteins on root cell membranes (Taiz and Zeiger, 2006) . Focusing on this function of membrane transport proteins, Epstain and Hagen (1952) expressed the characteristics of ion absorption with the Michaelis-Menten equation, which was proposed based on the dependence of ion absorption on ion concentration in the root zone. Sago et al. (2011a; 2011b) investigated the effect of environmental factors on root ion absorption and observed that ion absorption depended on not only ion concentration in the root zone but also on ion mass flow to the root surface, which was defined as ion concentration in the root zone multiplied by water flow driven by crop transpiration (Barber, 1962) . Therefore, Sago et al. (2011c) modified the Michaelis-Menten equation and newly proposed the transpiration-integrated model, which represents ion absorption affected by ion mass flow. Nomiyama et al. (2012b) applied the transpirationintegrated model to the data of Yasutake et al. (2009b) , to analyze ion absorption by maize and sunflower plants in soil-less culture under salinized conditions. The results indicated that the dynamics of salt accumulation in the simplified condition of root zone in soil-less culture can be explained reliably by the transpiration-integrated model.
On the other hand, in soil-based culture, both soil evaporation and transpiration induce a complicated process of water transport accompanied by ion transport in the root zone soil. To investigate this complicated process, Kitano et al. (2009) developed a large-sized soil column system for analyzing the dynamics of water and ion transport in soilplant systems. Ebihara et al. (2010) 
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Affected by Root Selective Absorption lation in the root zone affected by active and selective absorption by crop roots, and Nomiyama et al. (2012a) further observed the effect of the cultivation of different plant types on soil salinization. However, these results measured only the total salt accumulation in the root zone soil at the end of the experiment, and it is necessary to establish a method to evaluate the process of soil salinization during the cultivation period. In this study, the transpiration-integrated model was modified for analyzing the characteristics of root ion absorption in soil-based cultures. In addition, the validity of the modified model for simulating the day-to-day dynamics of soil salinization was examined based on experiments using maize plants in the soil column system.
MATERIALS AND METHODS
Column experiments in the soil-plant system Figure 1 -(A) shows a schematic diagram of the column system used for analyzing water and ion dynamics in the soil-plant system, which was developed by Kitano et al. (2009) . A cylindrical plastic column with a height of 1.0 m and an internal diameter of 0.5 m was filled with soil and equipped with a water-permeable spacer at the bottom. The groundwater level in the column was set at a depth of 60 cm by adjusting the height of a groundwater level sensor, which transmits a signal to a groundwater controller. The controller manipulates the on-off action of a solenoid valve to regulate groundwater flow from a nutrient solution tank. The supply rate of groundwater was measured with a flow meter installed between the solenoid valve and the nutrient solution tank. The measured supply rate is equal to the upward flux of the groundwater through the column and can be regarded as the rate of evapotranspiration (i.e., plant transpiration and soil surface evaporation) when the change in soil water content in the column is negligibly small. The volumetric soil water content of the soil layers at the respective depths of 10, 20 and 40 cm were measured with the time domain reflectometry system (TDR100, Campbell Scientific Inc., Logan, UT, USA) and data were recorded automatically by a data logger (CR23X, Campbell Scientific Inc., Logan, UT, USA) at 10-min intervals.
Materials and experimental conditions
The experiment was conducted for 58 d from September 22 to November 18, 2010 in a greenhouse in Kyushu University (33°37 N, 130°25 E), where it was possible to prevent precipitation on the soil surface of column system. In this experiment, three column systems were prepared and soil (clay:silt:sand 6.7:14.7:78.6) with a dry density of 1.44 g cm 3 and a porosity of 48% was placed in the respective columns. As the material plant, three maize plants (Zea mays L.), which is the major crop cultivated in semi-arid regions of the upper Yellow River basin in China, were cropped in each column. In the respective columns, the length and the width of each leaf were measured at approximately 7 d intervals during the experiment. The area of each single leaf was estimated on the basis of the following relationship of Nomiyama et al. (2012a): where LA (cm 2 ) is the area of a single leaf of maize plants, and L (cm) and W (cm) are the length and width of a single leaf, respectively. In this experiment, the leaf area index (LAI) was evaluated by dividing the total leaf area by the cross section of the column. The nutrient solution was enriched with Cl , Na , Mg 2 and Ca 2 in order to imitate the salinized groundwater found in crop fields in the upper Yellow River basin (Yasutake et al., 2009a) , the ionic concentration of which expressed in mmol L 1 was as follows: Cl , 43; NO3 , 4.9; SO4 2 , 17; PO4 3 , 0.50; Na , 44; K , 6.5; Mg 2 , 16 and Ca 2 , 7.6. Before starting the experiment, the soil in the column was saturated with the groundwater solution by adjusting the height of the groundwater level at the soil surface, and then the groundwater level was set lower to a depth of 60 cm. The gravitational water above the groundwater level drained sufficiently in a few
(1) days. In the greenhouse, solar radiation and air condition (air temperature and relative humidity) were measured with a radiometer (MS-42, EKO Instruments Inc., Tokyo, Japan) and a temperature-humidity sensor (HMP45A, Vaisala, Helsinki, Finland), respectively, and data were recorded by a data logger (GL820, Graphtec Corporation, Kanagawa, Japan) at 10-min intervals. The vapor pressure deficit was calculated from air temperature and relative humidity according to the method of Tetens (1930) .
Analyses of plant and soil
This study was based on the analysis of salt accumulations in plants and soil in the three columns, one of which was analyzed at the start of the experiment to be used for initial values, and the two others were analyzed at 15 d and 58 d after the start of the experiment, respectively. Plants in each column were harvested and dissected into leaves, stems and roots. The respective plant organs were dried at 70°C for 48 h and ground. Thereafter, the ground plant organs were combusted at 550°C for 24 h, and the resulting ashes were digested with 20% HNO3 solution. The contents of Cl , Na , Mg 2 , Ca 2 and K in the plant organs were analyzed using an ion chromatography system (ICS-90, Dionex, Sunnyvale, CA, USA), and the results were evaluated as the content per unit dry matter of the plant organs.
Soils at the respective depth layers of 0 1, 1 5, 5 10, 10 15, 15 20, 20 30, 30 40, 40 50 and 50 60 cm in the three columns were sampled at 0, 15 and 58 d, respectively. The ion contents of soils were obtained by the method of Yasutake et al. (2009a; 2014) as follows: The soils at the respective depth layers were diluted at soil: water ratios of 1:1, 1:3 and 1:5 and their ion concentrations (Cl , Na , Mg 2 , Ca 2 and K ) were measured by using the ion chromatography system to obtain the relationship between ion concentration and soil: water ratios. From these relationships, the ion concentrations at actual soil: water ratios of the layers at their respective depths were obtained and converted to the contents per unit thickness of the soil layers. The ion contents of the integrated depth layers from 0 to 60 cm were regarded as the salt accumulation in the root zone soil.
Simulation of salt accumulation by using ion absorption model
The dynamics of accumulation of Cl , Na , Mg 2 , Ca 2 and K in the column experiment were simulated from the ion balance in the root zone soil affected by groundwater. Figure 1-(B) is a schematic diagram of simulation of salt accumulation in the root zone soil derived by applying a kinetic model of root ion absorption, which is explained later in detail. The rate of ion supply from groundwater to the root zone soil can be evaluated as For evaluating the root ion absorption in the column experiment, we modified the transpiration-integrated model of Eq. (2) and newly proposed an evapotranspirationintegrated model as follows:
ET was substituted for Tr, which cannot be measured in the column experiment, and a new parameter C named as the limiting factor of ion mass flow was introduced. The rate of ion mass flow to the root surface in soil was generally evaluated by [M]R·Tr but is expressed in Eq. (3) by multiplying (1 C) and [M]R·ET together. The parameter C should depend on 1) the proportion of the transpiration rate to the evapotranspiration rate, 2) the root surface area exposed to the soil solution, and 3) the characteristics of ion transport in soil. C was identified by Eq. (4), in which the integrated QM from Eq. (3) was equal to the measured ion contents in the plant body:
where n (d) is the experimental duration, the subscript k (d) refers to days after the start of the experiment, and SPM (mmol/plant) is the amount of ion M content in the plant body measured at the end of the experiment.
The values of Qmax and Km for the present study are listed in Table 1 . These values were determined based on the previous data for maize grown in the soil-less culture (Yasutake et al., 2009b; Nomiyama et al., 2012b) , where the ionic concentration of the salinized nutrient solution was similar to that in this experiment. The value of [M]R was estimated from ion content divided by water content in the root zone soil. The daily salt accumulation in the root zone soil was estimated by subtracting daily QM in Eq. , respectively. This suggested that the groundwater was sufficiently and continuously transported to the root zone soil according to the water loss by evapotranspiration at the soil surface of the column. Figure 3 shows the time courses of LAI and ET in Columns 1 and 2. Until 15 d after the start of the experiment, LAI increased from 1.3 to 3.1 m 2 m 2 and 1.1 to 2.7 m 2 m 2 in Columns 1 and 2, respectively, and the difference in LAI between the two columns widened from 0.2 to 0.4 m 2 m 2 . Keating and Wafula (1992) reported that in the initial growth stage of maize plants, the rate of leaf area expansion increased daily, which was considered a result of the increase in the LAI difference mentioned above. The value of LAI in Column 2 reached a maximum of 4.5 m 2 m 2 at 40 d and then slightly decreased until the last day of the experiment. ET in both columns varied almost proportionally to the solar radiation (Fig. 2) . The time-dependent increase in ET was observed in spite of the time-dependent decrease in daily integrated solar radiation. The reason for this was that the increase in LAI resulted in an increase in the leaf transpiration rate. The maximum value of ET was 7.2 L m 2 d 1 at 46 d, when LAI was approximately 4.3 m 2 m 2 . In previous column experiments, the maximum ET in the maize column with an LAI of 4.0 m 2 m 2 was 6.7 8.0 L m 2 d 1 (Ebihara et al., 2010; Nomiyama et al., 2012a) . This fact suggests that the ET measured in this experiment seemed to be reasonable. The difference in ET between the two columns was a result of the difference in LAI. Figure 4 shows the total ET and salt accumulation in plants and the root zone soil in Columns 1 and 2. ET and salt accumulation in the root zone soil of Column 2 was approximately three times higher than those in Column 1. This relationship between ET and salt accumulation could be induced by upward salt transport from groundwater to the root zone soil with evapotranspiration (Nomiyama et al., 2012a) . The accumulation of K , a major nutrient essential for plant growth, in plants was greater than that of all other ions, while the content of K in the salinized nutrient solution was remarkably low. This suggested that crop roots actively and selectively absorbed K because of a high demand from crops, and as a result, very little K accumulated in the root zone soil. On the other hand, there were high accumulations of Cl , Na , Mg 2 and Ca 2 in the root zone soil, which resulted because the salinized nutrient solution had high concentrations of these ions and the root absorption demands for these ions were not relatively high compared with those for K .
QM Qmax
The parameter C was identified by Eq. (4) on the basis of salt accumulation in plants and its results are listed in Table 2 . The values of C for Cl , Na , Mg 2 and Ca 2 were positive, which may result from the facts that 1) ET was higher than Tr, and 2) soil particles in the root zone inhibited ion mass flow to root surface, the actual values of which became lower than the values calculated from [M]R· ET. Furthermore, differences in C among Cl , Na , Mg 2 and Ca 2 reflected the specificity of their transport in soil solutions. On the other hand, the C for K was negative, which was fairly different from those for other ions. K supplied from the solution tank should be adsorbed by soil particles during the transport process in the column and then K content in the soil solution should be decreased. In addition, active absorption of K by crop roots should result in a further decrease, and then [K ]R was maintained at low levels (less than 1 mmol L 1 ) during the experiment. Under such extremely low [K ]R concentrations, crop roots may absorb K that is adsorbed to soil particles. As a Environ. Control Biol. result, actual K mass flow to root surfaces in soil should be higher than the calculated values. This may be a reason that the C value for K was negative. These obtained C values were used for estimating dynamics of QM and salt accumulation in the soil. Figure 5 shows the result of simulating accumulation of Cl , Na , Mg 2 , Ca 2 and K in plants and the root zone soil by applying the evapotranspiration integrated model of Eq. (3). The time courses of salt accumulation in plants were reliably expressed by the model. Cl , Na , Mg 2 and Ca 2 accumulations in the root zone soil showed a timedependent increase and increased especially rapidly after about 40 d, when ET also rapidly increased as shown in Fig. 3-(B) . This indicates that the model can simulate the dynamics of salt accumulation in the root zone soil that is closely related to both root absorptive functions and upward groundwater flux driven by evapotranspiration. However, the measured amounts of Cl , Na , Mg 2 and Ca 2 accumulation in the root zone soil at 58 d were 20, 7, 13 and 17% less than the simulated values. The reasons for the discrepancies between measured and simulated values were considered to be that 1) measurement errors in the process of sampling and analyzing soils resulted in low measured values, and 2) maize plants rooted deeper at the groundwater level absorbed water without inducing the upward water flux to the root zone soil, which resulted in overestimation of the ion transport to the root zone soil ([M]G·ET) so that simulated values increased. In contrast to the much higher accumulation of Cl , Na , Mg 2 and Ca 2 in the root zone soil than in plants, K had an extremely higher accumulation in plants than in the root zone soil because of the high absorption affinity for K even under the extremely low [K ] condition mentioned above. These results illustrate the specificity of ion types in root absorption and indicate that the evapotranspiration integrated model is effective for simulating soil salinization affected by active and selective ion absorption.
In this study, for evaluating the characteristics of root
Vol. 53, No. 4 (2015) ion absorption in soil-based culture, we tried to modify the transpiration integrated model as shown in Eq. (2) and newly proposed an evapotranspiration integrated model as shown in Eq. (3). Salt accumulation in plants and the root zone soil was quantitatively analyzed with the column system cropped with maize plants, and further, the dynamics of soil salinization affected by root absorptive functions were simulated reliably by applying the evapotranspiration integrated model.
These results indicate that the evapotranspiration integrated model was applicable for evaluating soil salinization in relation to ion absorptive functions of crop roots. In future research, the model will be applied to analyze the effect of different types of crops on soil salinization for sustainable management of crop rotation.
